Abstract Formation of Ag nanoplates in the presence of glycerol/triethylamine/polyvinylpyrrolidone without using any external reducing agent is shown for the first time. This approach is a unique and size-controlled synthetic method for the preparation of Ag nanoplates. Results reveal that addition of triethylamine to the precursor reaction mixture plays an important role both as a reagent for initiation and accelerator to produce nanoparticles at room temperature in the presence of glycerol. The basicity of the reaction mixture results in the appearance of two strongly localized surface plasmon resonance peaks of Ag nanoplates, effectively indicating the steady transition from non-planar structure to planar structure as confirmed by UV-Vis and transmission electron microscope measurements. The antibacterial activity of Ag and bimetallic (Ag/Au) nanoparticles were tested against gram-negative and grampositive bacteria. The enhanced antibacterial activity was observed with bimetallic nanoparticles with equal concentration of silver.
Introduction
Synthesis of noble metal nanoparticles are currently of significant interest because of their potential applications such as catalysis, surface-enhanced Raman scattering, photoelectronic devices, biomedical diagnostics, and other related fields [1] [2] [3] [4] [5] . Among the various noble metals, Ag, Au, and Cu nanoparticles have become the focus of intensive research because they exhibit unusual optical, electronic, and chemical properties, depending on their size and shape, thus opening many possibilities for technological applications such as antibacterial, antistatic, cryogenic superconducting or biosensor materials [1] [2] [3] [4] [5] . This led to a rapid increase in the number of scientific publications devoted to the development of the preparation techniques for the synthesis of these noble metals [6, 7] .
Ag is known to have antibacterial activity against various pathogenic bacteria. Bacteria can build up resistance against antibiotic drugs, in contrast Ag nanoparticles attack various components in the bacterial cell by weakening of DNA replication and inactivation of proteins [8, 9] . However, Au shows low or no toxicity to bacteria or animal due to its elemental properties [10] . It is surprising that the antibacterial efficacy of bimetallic core-shell nanoparticles containing Ag remains roughly unexplored and only a few studies are reported. In a recent study it is reported that in the presence of Ag the antibacterial activity of Au could be enhanced [11] .
Polyols, especially ethylene glycol (EG) and glycerol, have been widely used as solvents and/or mild reductants in nanoparticles' synthesis [12] [13] [14] [15] . Our previous work has demonstrated that Ag nanoparticles can be stabilized in ethylene glycol using ionizing radiation [12] . It is known that polyols undergo Electronic supplementary material The online version of this article (doi:10.1007/s40097-014-0113-2) contains supplementary material, which is available to authorized users. oxidation in basic conditions that help in reduction of metal ions [16, 17] . Recently, the effect of trietylamine (TEA) on the preformed Ag nanoparticles and during the formation of Au nanoparticles is discussed in literature [18] [19] [20] . Inspired by these works, in the present study a simple solvent-induced synthesis and characterisation of Ag, Au, and bimetallic Ag-Au nanoparticles in neat or aqueous solution of glycerol has been described in detail. TEA a weak organic base was used to initiate the reaction. The effect of stabilizing agents such as polyvinylpyrrolidone (PVP) and sodium dodecyl sulfate (SDS) on the formation and stability of the particles is discussed. A series of characterizing techniques including transmission electron microscopy (TEM), UV-Vis, and X-ray diffraction (XRD) were performed systematically to determine the morphology of nanoparticles. In the present study, we have also investigated the antibacterial properties of bimetallic Au@Ag core-shell nanoparticles where Ag nanoparticles were formed on the surface of Au nanoparticles. The antibacterial activity was tested against the pathogenic gram-negative bacteria E. coli and gram-positive bacteria Staphylococcus sp.
Experimental procedure

Materials
Glycerol (Spectrochem, India), silver nitrate (AgNO 3 ) (S.D Fine Chem. India), TEA (Sigma), PVP (Mol. wt. 40,000) (Sigma), SDS (Sigma-Aldrich), and HAuCl 4 (SigmaAldrich) were used as received. All the solutions were prepared just prior to the experiment to avoid any photochemical reaction. Water used in the preparations was obtained from a Millipore water purifying system. All experiments and the various sample preparations were carried out at room temperature.
Synthesis of Ag and Au nanoparticles
In a typical synthesis, 0.6 mM aqueous solution of AgNO 3 was mixed with 1.0 mM TEA in required concentration of glycerol (in the range of 0-80 % v/v) in the absence and presence of stabilizing agent, PVP or SDS at room temperature. The influence of TEA was studied by adding it to the reaction mixtures after addition of all the reactants. Changes in the color of solutions indicate the formation of Ag nanoparticles. Formation of stable yellow dispersion was obtained with time. Au nanoparticles were prepared by mixing Au salt in required concentration of glycerol in aqueous solutions followed by the addition of TEA.
Synthesis of bimetallic Ag/Au nanoparticles
In 10-mL volumetric flask wine red colored Au seeds were first prepared by adding Au 3? ions to the 10 % aqueous solution of glycerol containing TEA and SDS. To the above seed solution 0.6 mM AgNO 3 was added followed by addition of 1.0 mM TEA and 0.5 mL of glycerol. The final concentration of glycerol, TEA, SDS, and metal ion was 20 % (v/v), 2.0, 5.0, and 6.0 respectively.
Antibacterial activity
Wild-type E. coli BW 25113 was grown in Luria Broth to an optical density of 0.1. 100 lL of such culture was inoculated in 5 mL Luria broth suitably supplemented with various concentrations of bimetallic and Ag nanoparticles (3.2-38.8 lg/mL). Simultaneously, control tubes without nanoparticles but same amount of inoculums and without inoculums and nanoparticles were also run. The tubes were incubated overnight in an orbital shaker at 37°C at 150 rpm. Next morning the tubes were inspected for visual presence of turbidity, indicative of bacterial growth. The lowest concentration of the inhibitory agent which did not give any turbidity upon overnight incubation was termed as the minimum inhibitory concentration (MIC). Similarly, 10 5 -10 6 colony-forming units (CFU) per mL of grampositive bacteria Staphylococcus sp. in Luria broth were also used to check for inhibitory effects of bimetallic nanoparticles.
Characterization UV-Vis absorption measurements were performed on JASCO V-650 spectrophotometer. Particle size estimation, transmission electron micrographs, and electron diffraction patterns were recorded on a JEOL 2000 FX machine operated at 200 keV. Samples for transmission electron microscopy (TEM) were prepared by putting a drop of the colloidal solution on a copper grid coated with a thin amorphous carbon film placed on a filter paper. Powder X-ray diffractions (PXRDs) were measured on precipitated nanoparticles using Philips X'pert Pro machine with monochromatised Cu Ka X-ray source operated at 20 kV and 30 mA. Dynamic light scattering experiments were done on a Malvern 4800 Autosizer employing a 7132 digital correlator. The intensity correlation function was analyzed by the method of cumulants using the mean and variance of the distribution as the fitted variable. The diffusion coefficient (D) of the particle is related to the average decay rate (C) of the correlation function by C ¼ Dq 2 , where q is the magnitude of the scattering vector (given by qn ¼ 42pkhsin=, where k is the wavelength of light, n is the refractive index, and h is the scattering angle). The mean hydrodynamic coefficient of the particles was obtained from the diffusion coefficient using StokesEinstien relationship. The light source was an Ar ? ion laser operated at 514.5 nm and scattering angle h = 90 8 .
Results and discussion
Synthesis of Ag nanoparticles Figure 1a shows the UV-Vis spectra of Ag nanoparticles obtained in the presence of 0.6 mM AgNO 3 and 1.0 mM of TEA with different compositions of glycerol:water (0-40 % v/v) in the absence of any stabilizer. The higher percentage of glycerol ([40 %) was not attempted as mixing of the reactants was not homogeneous due to increase in the viscosity of the solution. It can be seen that the peak maximum was centered in the wavelength region of 400-440 nm. The color of the Ag solution was seen to have changed to greenish yellow orange shades. The change in colors and characteristic surface plasmon absorption spectra indicate the formation of Ag nanoparticles [21] [22] [23] . The observed surface plasmon absorption band appears to be broader with an asymmetric shape at all the compositions of glycerol:water. The shoulder at 580 nm in case of 20 % glycerol and broadening of absorption band at higher wavelength might be attributed to the formation of nanoparticles with different geometry or may be due to small aggregation of primary particles, because with time nanoparticles were precipitated out from the reaction mixture. This can be further evident from the transmission electron microscopy (TEM) analysis. Figure 1b shows the TEM image of Ag nanoparticles obtained in the presence of 0.6 mM AgNO 3 , 1 mM TEA in the presence of 20 % of glycerol in water. TEM analysis shows that particles were polydispersed with few aggregates; the average particle size is 30 nm.
It can be seen from Fig. 1 that the absorbance yield increased in the presence of glycerol. The increased absorbance may be correlated to the production of metal nanoparticles in larger quantities in the presence of glycerol. It is important to mention here that in the absence of TEA no formation of Ag nanoparticles was observed. It was observed that on addition TEA, the reduction rate of Ag ? ions increased resulting in the simultaneous increase in nucleation and growth rate of Ag particles. This confirms the participation of TEA in acceleration of reduction reaction.
Since, in absence of stabilizing agent, particles tend to aggregate, efforts have been made to make Ag nanoparticles in the presence of stabilizing agents like SDS and PVP. Figure 2 shows the UV-Vis surface plasmon absorption spectra of Ag nanoparticles obtained in the solutions after mixing of Ag ] keeping the amount of SDS constant was determined by DLS measurement (Table 1) . It can be noted that as the concentration of Ag ? ions increased the size of the particles also increased. The formation of Ag nanoparticles was instant with no induction time for the reaction (inset Fig. 2) .
It was found that no particle formation occurred when the concentration of TEA was below 1.0 mM. TEM images have shown that when the concentration SDS was below 5.0 mM, large aggregates with average diameter of 75 nm were formed (results not shown). However, monodispersed Ag nanoparticles were obtained when the concentration of SDS was C5.0 mM which highlights the role of SDS in formation and stabilization of Ag nanoparticles (Fig. 2) . It can be seen that the formed particles are spherical in nature having the average diameter 20 ± 5 nm with a size distribution, ranging from 15 to 25 nm which is in agreement with DLS studies (Fig. S1) .
To study the effect of stabilizer, if any, the above experiments were carried out in the presence of PVP. Figure 3 shows the time-dependent UV-Vis absorption spectra of a Ag colloid in 20 % glycerol solution containing 0.6 mM AgNO 3 in the presence of 1.0 mM TEA and 1 % PVP. The peak maximum centered at 405 nm corresponds to the surface plasmon resonance due to the presence of spherical Ag nanoparticles, along with the presence of shoulder at 531 nm which gradually red shifted with increasing absorption and finally formed a distinct peak at 600 nm. This new peak at longer wavelength is characteristic of formation of anisotropic nanoparticles having geometry other than spherical [1] . However, at lower concentration of Ag ions (0.1 mM) such spectral changes were not seen.
The above observations were further evident from the TEM analysis. Figure 4 shows TEM image of particles formed by reduction of 0.1 and 0.6 mM of Ag ions, respectively, in the presence of 1 % PVP (w/v). Spherical nanoparticles of average diameter of 25 nm were obtained at low [Ag ? ] concentration; however, in the presence of high concentration of Ag ions (C0.3 mM) in addition to spherical particles, anisotropic nanoparticles having irregular shapes and few percentage of definite geometric shapes are also obtained. The observed particles were stable for at least 1 month. The observed absorption bands in the surface plasmon spectrum might be due to the dual role of PVP in the above system, i.e., it acts as a stabilizing agent to prevent aggregation of Ag nanoparticles for retaining their colloidal stability. In addition, it also works as a shape-controlling agent or ''a crystal-habit modifier'', directing the attachment of metal atoms onto the specific crystal faces which leads to the highly anisotropic growth of nuclei into nanostructure [24, 25] . Xia et al. [26] [27] [28] also have demonstrated that the commercially available PVP terminated with hydroxyl end groups and works both as a reducing agent and stabilizer for the synthesis of Ag nanoplates.
The crystal structure of the Ag nanoparticles with and without the presence of stabilizers in 20 % glycerol was examined by PXRD (Fig. 5) . The diffraction peaks at 2h = 38.5°, 45°, and 65°can be indexed to the (111), (200), and (220) planes of face-centered cubic Ag, respectively (JCPDS No. 04-0783). The average particle size of Ag nanoparticles in the presence of PVP, SDS, and without stabilizer was calculated by the Scherrer equation
where k is the X-ray wavelength (0.154056 nm), k = 0.89, b is the FWHM, and h is the diffraction angle. The crystalline sizes calculated using the half-width of the intense (111) reflections were found to be 35, 25, and 20 nm for Ag nanoparticles prepared without stabilizing agent, with SDS and with PVP, respectively. Taking into account literature reports [17] [18] [19] [20] two possible mechanisms are proposed for the formation of Ag nanoparticles in glycerol in the presence of TEA. In mechanism 1 (Scheme 1), TEA oxidizes to diethylamine and acetaldehyde. Subsequently, the generated diethylamine and acetaldehyde further oxidized in presence of Ag ? ions to give ethylamine and acetic acid, respectively, with concomitant formation of Ag nanoparticles. In the other plausible path (mechanism 2) glycerol dehydrates to aldehyde which subsequently gets oxidized to acid in the presence of Ag ? ions. The above-mentioned mechanisms may occur concurrently.
Synthesis of bimetallic nanoparticles
It is known that bimetallic nanoparticles containing two kinds of metals show unique electronic, optical, chemical, and catalytic properties [29] [30] [31] . Most of these properties are superior to their constituent monometallic nanoparticles due to synergistic effects. Generally, the bimetallic nanoparticles are formed as alloys and core-shell structures. In bimetallic core-shell nanoparticles one metal element forms an inner core and is surrounded by a concentric shell of another metal. As lattice parameters of Au and Ag are more or less similar it is easier to make alloy or core-shell nanoparticles of Au and Ag. Bimetallic core-shell Ag and Au nanoparticles were prepared using step-by-step reduction method. Au seeds were first prepared followed by reduction of Ag ? ions on the surface of the Au seeds; the reaction was monitored as a function of time by UV-Vis spectroscopy measurements and the spectra obtained are shown in Fig. 6 .
The peak centered at 525 nm is due to surface plasmon resonance of Au nanoparticles. The TEM image of Au nanoparticles is shown in Fig. S2 . As soon as the Ag ? ions are added to Au seeds, this peak gradually shifts to shorter wavelength with time along with the development of new peak at 405 nm. This new peak in the wavelength region of *400 nm corresponds to the surface plasmon resonance of Ag nanoparticles; therefore, the blue shift in the absorption spectrum can be correlated to the reduction and deposition of Ag atoms on the surface of the Au nanoparticles which leads to the increase in the thickness of the Ag layer [32] [33] [34] . However, we could not observe the single peak in the absorption band when Ag and Au ions were in equimolar concentration, i.e. 1:1, which indicates the partial coverage of Au by Ag nanoparticles. TEM analysis (Fig. 6) shows difference in contrast of nanoparticles. It can be seen that the formed particles are of spherical shape with average diameter of 13 nm. Gonzalez et al. [35] also reported such layer-by-layer formation of core-shell (Au-Ag) nanoparticles by photochemical method.
Antibacterial assay Figure 7 shows the photograph of culture tubes containing different concentrations of bimetallic nanoparticles (3.2-38.8 lg/mL) along with the media control and culture control. The concentration of bimetallic nanoparticles is taken in terms of Ag ions as the antibacterial action of core-shell type of nanoparticles is only because of Ag shell. As can be seen from the photograph only the tube containing culture control (B) and 3.2 lg/mL of bimetallic nanoparticles (C) shows turbidity. Therefore, it can be concluded that the minimum inhibitory concentration (MIC) was obtained at 6.4 lg/mL of the inhibitory agent (bimetallic nanoparticles). The MIC for Ag nanoparticles was obtained at 25.9 lg/mL, indicating the higher efficacy of the bimetallic nanoparticles in inhibiting bacterial growth. The enhanced antibacterial activity of Au@Ag 2 lg/ml, (D) 6.4 lg/ml, (E) 12.9 lg/ml, (F) 25.9 lg/ ml, (G) 38.8 lg/ml. And Ag nanoparticles (A 0 ) media control, (B 0 ) culture control, (C 0 ) 3.2 lg/ml, (D 0 ) 6.4 lg/ml, (E 0 ) 12.9 lg/ml, (F 0 ) 25.9 lg/ml, (G 0 ) 38.8 lg/ml core-shell nanoparticles as compared to monometallic Ag nanoparticles of somewhat similar sizes could be due to highly active surface Ag atoms in the shell around the Au core in core-shell nanoparticles. It has been established that the bactericidal action relies on the toxic effect of free Ag(I) ions liberated by oxidation with dissolved oxygen [36] [37] [38] . As the Au is more electronegative than Ag, it can withdraw electrons from the Ag shell. Hence, the high activity of Ag nanoparticles in the shell of bimetallic nanoparticles could also be due to electronic effects by Au nanoparticles/atoms in the core on surface Ag nanoparticles/atoms by charge transfer [11] . Thus, it can be concluded that the superior antibacterial activity of Au@Ag core-shell nanoparticles could be due to highly active surface Ag atoms in the shell and/or due to electronic effect in bimetallic nanoparticles. Gram-positive bacteria Staphylococcus sp. was inhibited at a concentration of 25.9 lg/mL. The concentration of bimetallic nanoparticles required to inhibit the growth of gram-positive bacteria is high which might be due to the well-known fact that the antibacterial action of Ag nanoparticles is by way of cleaving of the cell wall. This process is more effective in gram-negative bacterial wall due to their thin cell wall as compared to thick peptidoglycan layer of gram-positive bacteria [39] . It is pertinent to mention here that Au nanoparticles did not show inhibition against any type of bacteria.
Conclusions
In the present case, UV-visible spectroscopy and TEM clearly demonstrate that the simple addition of TEA in the presence of PVP gradually tunes the shape of the particles. Ag nanoplates or nanospheroidal structures were generated in solution mixture of H 2 O:glycerol containing TEA and AgNO 3 at room temperature. TEA acts as a reductant in the reaction mixture. The strategy was also exploited to generate bimetallic particles. The antibacterial activity of the formed Ag and bimetallic nanoparticles against E. coli and Staphylococcus sp. bacteria is also studied. Bimetallic nanoparticles are found to show enhanced antibacterial activity against E. coli bacteria as compared to Ag nanoparticles of same concentration.
